Abstract-Since its first operation in 1972 at an energy of 800 MeV, the CERN Proton Synchrotron Booster, which consists of four superimposed synchrotrons, has seen two upgrades: once to 1.0 GeV in 1988 and then to 1.4 GeV in 1999. During this time the main magnets of the machine have remained largely unchanged with small differences (< 1%) between the inner and outer gaps of the main bending magnet fields being compensated by trim power supplies. The future upgrade of the machine will demand to extract protons at an energy of 2.0 GeV and require almost double the original dipole field. At this field, due to saturation effects, the inner and outer gaps of the main dipole magnets will differ by up to 4%. This paper presents the design and implementation of a modification of the magnetic circuit strongly reducing these effects. We also discuss the results of experimental tests concerning the effects on field quality and eddy current transients, including the implications for the real-time magnetic field measurement system to control RF and power supplies.
I. INTRODUCTION
T HE Proton-Synchrotron Booster (PSB), in operation since 1972, is the first of several pre-injectors in the way to the Large Hadron Collider (LHC) located at the European Organization for Nuclear Research (CERN) in Geneva, Switzerland.
The PSB was installed as part of the CERN ProtonSynchrotron (PS) upgrade in order to achieve higher intensity where it first accelerated protons up to an energy of 800 MeV. By 1988 the PSB was capable of providing 1.0 GeV protons to the PS and also to a dedicated experimental area, the OnLine Isotope Mass Separator (ISOLDE). Later in 1999 the PSB was upgraded in preparation for LHC operations to 1.4 GeV. During the two consecutive upgrades the main magnets in the ring remained largely unchanged with small differences in the fields (∼1%) between the inner and outer apertures of the main bending magnets due to saturation and the asymmetric design being compensated by a trim power convertor which injects the missing current onto the outer rings [1] . In 2010 following the outcome of the LHC performance workshop [2] a working group was put together to study the feasibility of increasing the beam energy to 2.0 GeV in order to ease the injection of high intensity and high brilliance beams into the PS [3] , and thus help removing bottlenecks in the LHC injector chain. The study concluded that the energy increase was feasible with upgrades or replacements to several systems including the powering, RF and magnet systems. For the magnets of the PSB ring and transfer lines, operation at 2.0 GeV will be possible with a variety of modifications to existing units, replacing units or changing the method of operation to allow existing units to operate at higher currents. For the main dipoles of the machine as shown in Fig. 1 , modifications are needed to the cooling circuits, the method of operation (faster cycling) and to the magnetic circuit due to the higher levels of saturation and the increased difference in the field (∼4%) between the inner and outer gaps. This paper reports on the technical choices made to allow the main dipole magnets to be operated at 2.0 GeV, including magnetic simulations and the design, production and implementation of a modification to the magnetic circuit to strongly reduce the levels of saturation. We also discuss the results of experimental tests concerning the effects on field quality and eddy current transients, including the implications for the realtime magnetic field measurement system to control RF and power supplies. within the limits of measurement accuracy, and this symmetry is also exploited in the simulations. There are thirty two of these magnets connected in series to make up the main dipole field of the PSB, plus one used as a reference for controlling the RF and power supplies. The magnets are of an 'asymmetrical window frame' design and are constructed of 1-mm-thick laminations pressed and welded between solid endplates. The water cooled coils are entered into the aperture of the magnet and are held in place with solid steel side plates and epoxy resin shims. The characteristics of the dipole magnets at 1.4 GeV are shown in Table I .
Simulations of the dipole magnet performed with Cobham Opera-3D [4] software was used to identify the influence of increasing the magnetic field for 2.0 GeV operation, the results are compared in Table II .
The increase in the differences in current between inner and outer apertures to achieve the same fields in the inner and outer apertures would imply the use of a much larger trim power converter than at 1.4 GeV. Furthermore, as the main quadrupoles are connected in series with the dipoles the trim supply required also increases in size. This additional current would also imply that the dissipated power increases in the outer apertures further increasing the temperature rise for the same cooling flow. For these reasons a study has been completed to evaluate if it is possible to reduce the saturation effects. By replacing the solid steel coil retaining plates with a laminated version, thus allowing some of the magnetic flux to be routed around the new plate and reducing the field in the normal return yoke, the level of saturation is reduced, minimizing the differences between the inner and outer apertures: this principle is shown in Fig. 2 with a 2D Poisson Superfish [5] and Opera-3D simulation. Table III shows the simulated improvement with the new side plate.
III. DESIGN & FABRICATION
The laminations for the new side plates have been stamped from a similar electrical steel (M1200-100A) to the one used in the original dipole yoke. The steel is pre-coated with epoxy resin allowing the laminations to be bonded together to produce the side plate. The laminations are assembled by stacking them into a precise stacking tool utilizing spring washers to guarantee the correct geometry of the plate during bonding at 190
• C in an oven. To guarantee the contact between the side plate and the magnet, the side plates have been produced with a flatness of < 0.05 mm over a length of 378 mm, this has been achieved by designing the stacking tooling to minimize any deformation: Fig. 3 shows the ANSYS mechanical [6] deformation simulation and photo of the stacking tool.
There are four plates per aperture with a total of 16 plates per magnet. As the side plates will be installed into the machine by hand the geometry of the plate has been optimized to have a mass of less than 25 Kg, the side plates are then held into position via a solid steel retaining cover. The side plates must still maintain the coils in the aperture, for this purpose slots are positioned in the plates where woven glass fiber epoxy resin shims will be positioned, and then pushed into contact with the coils via screws which pass through machined holes. This method of shimming guarantees an even distribution of the force exerted by the coils to avoid damage to the coil insulation: the relevant assembly is shown in Fig. 4 , if implemented onto the magnets of the PSB additional plates will be included clamping the assembly longitudinally to avoid delamination.
IV. MAGNETIC MEASUREMENTS
The performance of the magnet at 2.0 GeV field levels was evaluated measuring the differences in field strength and field quality between the inner and outer apertures before and after the introduction of the new side plates. The field integral was measured with a calibrated 2.5-m-long, 10-mm-wide straight search coil placed along the mechanical axis of each aperture. The flux change measured as the current is ramped from 0 to the desired flat-top level is proportional to the integrated dipole field. The flux change is measured at the end of the flat -TABLE IV  MEASURED INTEGRATED FIELD STRENGTH top, so that the result is not affected by eddy current effects. This method does not take into account the contribution of the residual field, which is however less than 10 −3 of the peak field. The results shown in Table IV include measurements at two current levels achieving the correct field integral in all apertures in both configurations. We remark that a perfectly matched field requires the use of separate power supplies for inner and outer apertures, which was not possible at the time of testing. With the side plates, the difference between the inner and outer apertures at 2.0 GeV field levels is 1.1%, well within the range that can be corrected with the upgraded power supplies, which confirms their effectiveness.
We remark that the measured results of Table IV and simulated results of Table III are in agreement; minor differences between the two are likely to be a combination of differences between the actual and modeled steel properties, and the influence of the magnetic solid steel retaining cover which is not included in the simulation.
The field quality was measured by adding a second coil, which was used as a fixed reference in the bottom inner aperture, while the first one was translated stepwise across the mid-plane of the aperture being measured. This differential technique allows more precise comparison between subsequent measurements, which may be affected by poor reproducibility or ripple of the excitation current. The results of the field quality measurement before and after the modification are shown in Fig. 5 . The peak-to-peak field uniformity in the ±60 mm horizontal range, which is about ±2.2 × 10 −4 in the current configuration, becomes ±1.4 × 10 −4 thanks to the new end plates.
The operation of the booster at 2.0 GeV will dictate a faster cycle so that the limiting r.m.s current seen by the magnets is not exceeded [7] . Today, operation at 1.4 GeV corresponds to a maximum rate of change of approximately 3.6 T/s (10.5 kA/s). In the most demanding 2.0 GeV scenario, corresponding to 900 ms cycles, this is expected to increase to about 9 T/s (26 kA/s).
Transient field measurements have been carried out at 20 kA/s to measure the settling time of the field due to eddy current decay. The curves plotted in Fig. 6 represent the normalized current difference i.e., the relative difference between the central integrated field, scaled so as to coincide with the excitation current at the end of the flat-top, and the excitation current [8] . Since the excitation current is well stable on the flat-top, this difference is proportional to the instantaneous value of the eddy current, which is assumed to flow mainly in the magnet poles and solid magnetic end plates.
In Fig. 6 , we observe that at the reference 5200 A flat-top level the time constant of the decay is approximately 230 ms in both apertures, but the amplitude of the effect at the end of ramp-up, i.e., 3 × 10 −3 , is about 3 times as large in the outer aperture.
V. REAL TIME MAGNETIC MEASUREMENT SYSTEM
The real-time magnetic measurement system ("B-train") currently in operation, which shares the electronics with the other systems in CERN PS complex, will become inadequate in the energy upgrade scenario. The main limitation is due to the electronics of the flux loop voltage integrator, which has practically been proven unable to reach the required resolution of 10 μT already at 6 T/s. High measured field accuracy will be crucial due to eddy current and saturation effects. A new B-train system made of two independent channels measuring the field in one inner and one outer aperture is currently being developed to feed back both parallel power converters. The new system will share the acquisition electronics with a broader project, aimed at the consolidation of all systems of this type at CERN [9] .
VI. CONCLUSION
The addition of the laminated side plates on the four aperture PSB dipole magnet allow the increase of extraction energy from 1.4 to 2.0 GeV energy without further increasing the difference between the inner and outer apertures. The modification also allows for the required improvements in coil shimming due to increased fields and forces. Further study is required before implementing the change in the machine, one difficulty is at the injection and extraction where the vacuum chamber passes through the magnet aperture and bespoke side plates will be required.
The introduction of the side plates also improves field quality, in accordance with simulations. The measured long time constant observed through magnetic measurements confirms the need of real-time field control.
